Strain YAYA6 was isolated from a mixed microbial community that was growing on atrazine as a sole carbon source and formed quantitative amounts of chloride and nitrate. This strain was identified as a member of the true pseudomonad group (RNA group I) and was given the designation DSM 93-99. The growth yield when atrazine was the sole carbon and nitrogen source was 80 g (dry weight) of cells per mol of atrazine, and the cell doubling time was around 11 h. Approximately 20%o of [U-ring-14C]atrazine was mineralized during primary degradation of atrazine. After atrazine disappeared from the culture supernatant, mineralization continued until the level of mineralization was more than 50%Y. Under different experimental conditions 10%o of the atrazine supplied initially was converted to cyanuric acid and <1% was converted to other s-triazines after prolonged incubation. Degradation proceeded via dechlorination and N-dealkylation. Atrazine was degraded until the concentration was circa 0.1 jig/liter. We obtained evidence showing that strain YAYA6 has specific uptake mechanisms for atrazine but less specific degradation mechanisms for s-triazines.
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Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) (AT) has a history of widespread use as a maize herbicide (19, 26) . Because of its widespread and repeated use in some areas, this pesticide has led to contamination of groundwater (26) . Traces of AT have been found in surface water (19, 24, 26, 27) and in rain (6) .
Erickson and Lee (9) recently reviewed AT degradation in different parts of the environment, degradation pathways, and AT degradation studies performed with specially selected microorganisms. The average half-life of AT in agricultural soil is around 40 days (27) . Degradation in soil occurs through biological and abiotic mechanisms (12, 25) . The first step in AT biodegradation by environmental bacteria is a dealkylation with formation of deethylatrazine (23) . Whereas the side chains of the s-triazine molecule are to some extent accessible to microbial attack, mineralization of the s-triazine ring proceeds very slowly. Wolf and Martin (30) The AT degradation half-life in Rhine River water has been determined to be more than 100 days (27) , and the degradation half-life in seawater is around 10 days (3) . No degradation of AT was observed after incubation with adapted activated sludge (10, 11) .
Cell multiplication and protein formation in the presence of AT as a sole carbon source have been observed with pure strains of a Nocardia sp. (13) and a Pseudomonas sp. (5) . N-dealkylation and dehalogenation have been shown to occur in the presence of glucose. N-dealkylation by Rhodococcus strains has been observed in the presence of glycerol and yeast extract (4) . N-dealkylation of AT by a hydrogenotrophic microbial association was observed when hydrogen was used as an energy source (29) . Mineralization of s-triazines (8) and AT (22) was observed when these compounds were added as nitrogen sources. Jessee et al. (18) have described the degra-dation of AT by a pure bacterial strain under anaerobic conditions when this compound was used as the sole carbon source. As in natural environments, when AT was present as the sole carbon source, the s-triazine ring was not degraded in studies performed with specially selected microorganisms, and the organisms did not degrade AT when it was present at concentrations below 1 mg/liter.
Starting with inocula collected in a closed AT production facility and from experimental fields, Gschwind (14, 15) enriched a mixed microbial community by using AT as the sole carbon source. AT was mineralized with stoichiometric release of chloride. Up to 90% of the nitrogen was recovered as nitrate. In an aerobic fermentor containing the bacteria immobilized on polyurethane foam pellets, more than 99% of the AT was degraded when it was used as the sole C source. The inflow concentration was 30 mg/liter, and the load could be increased to 0.5 g of AT per liter of reactor volume per day. In batch experiments performed with an initial AT concentration of 25 mg/liter, final concentrations of around 10 jig/liter were obtained.
In this paper we describe the isolation and properties of a pure Pseudomonas strain that is capable of efficient degradation and mineralization of AT when it is used as a sole carbon and energy source. This strain was isolated from the mixed microbial community growing in the presence of AT (14, 15 Strain YAYA6 was chosen from among several isolates because of its high AT biodegradation activity.
Batch cultures. Cultures (40 ml) were incubated in 100-ml Erlenmeyer flasks on a rotatory shaker (130 rpm) at 30°C. To obtain higher cell densities (A600 ca. 0.25) precultures were grown in basal medium containing 30 mg of AT per liter, 250 mg of glucose per liter, and 50 mg of (NH4)2SO4 per liter. Cell density was monitored by measuring the turbidity at 600 nm in a 1-cm cuvette with a UV-visible light spectrophotometer.
To determine growth yield, cells were grown in 500-ml Erlenmeyer flasks containing 250 ml of basal medium supplemented with AT as the only carbon and nitrogen source.
Determination of "4Co2. To 25-ml portions of basal medium containing 30 mg of AT per liter, 170,000 dpm of labeled AT was added. The solutions were incubated without shaking at 30°C in rubber-stoppered 100-ml bottles, each of which contained a sterile cup which contained 2 into the column. The solvent used was a mixture of Millipore S-Q-S-water and methanol (gradient grade), both of which contained 0.05 M ammonium acetate. The products were identified by cochromatography.
Alternatively, to quantify and identify triazines (AT, DE, SI, PR, and TB) when they were present at low concentrations, 50-ml samples were injected onto a precolumn (30 by 10 mm; Ferrisorb 1O,m RP.18; Brownlee) to concentrate them. The precolumn was then used with the Kontron liquid chromatography system. The solvents used were Millipore S-Q-S-water and methanol (gradient grade) supplemented with 1 mM acetate buffer. The separation column was connected to a Finnigan model TSP-2 thermospray interface and a Finnigan model TSQ-70 mass spectrometer. The vaporizer temperature was 85°C, the source temperature was 200°C, and the discharge ionization potential was 1,600 V.
Cyanuric acid was analyzed with the Kontron liquid chromatography system by using a Shandon Hypercarb S 7,um column. The solvents used were Millipore S-Q-S-water containing 30 mM KH2PO4 adjusted to pH 7.7 (17, 20) and its fatty acid profile (16), it was identified as a member of the true pseudomonad group (RNA group I) and was determined to be similar to Pseudomonas mendocina, Pseudomonas alcaligenes, and Pseudomonas stutzeri. On the basis of the data which we obtained unequivocal identification was not possible.
Growth of strain YAYA6 on AT. The optimal pH for AT degradation and growth was found to be between 7 and 9 (data not shown). To determine the growth yield, cells pregrown in basal medium containing 30 mg of AT per liter as the sole carbon and nitrogen source were diluted 10-fold into basal medium preparations containing AT at concentrations of 200, 400, 600, and 800 mg/liter, and the cultures were incubated at 30°C. At 5 days after the time when >99% of the AT was found to be degraded by HPLC, the cells were collected, and the dry weight of each preparation was determined (Fig. 1) . The growth yield was found to be 80 g of cells per mol of AT.
As the concentrations used in these experiments were greater than the solubility of AT (33 mg/liter at 25°C), growth could not be monitored turbidimetrically. As determined by the formation of CFU in the presence of 200 mg of AT per liter, the cell doubling time at 30°C was estimated to be around 11 h, which corresponded to a growth rate of 0.063 h-1 (data not shown).
Mineralization of AT by strain YAYA6. In order to prove that AT occurred, the formation of 14Co2 from [U-ring-"4C]AT was monitored as described above (Fig. 2) Table 3 were added as sole carbon sources at concentrations ranging from 3 to 30 mg/liter depending on their solubilities in water. In a parallel series of experiments each s-triazine was added at a concentration of 5 mg/liter together with 10 mg of AT per liter. In a third experiment all of the s-triazines were added, each at a concentration of 5 mg/liter. The biodegradation results obtained with the individual s-triazines are shown in Table 3 . The presence of AT had a positive effect on the degradation of TB, which was degraded slowly in the absence of AT, but had no effect on the degradation of the other s-triazines which were not degraded or were degraded slowly when they were present as sole carbon 
a +, total degradation (99.9% after 3 days); +/-, low level of degradation (around 50% after 6 days); -/+, partial degradation (less than 20% after 6 days); -, no degradation (less than 5% after 10 days).
bs-Triazines were used as sole carbon sources at concentrations of 5 to 30 mg/liter. sources. AM and CY, which were not degraded when they were present as sole carbon sources or were added together with AT, were partially degraded when the mixture containing all of the s-triazines was used.
DISCUSSION
Our growth yield of 80 g (dry weight) of cells per mol of AT corresponded to a value of 10 g of cells per mol of carbon; as only five of the eight carbon atoms of the AT molecule can be assimilated by heterotrophic organisms, this value had to be corrected to 16 g of cells per mol of carbon. Our value is similar to the value of 12 g (dry weight) of matter per mol of carbon given by Cook as a value that is commonly found (7) .
Whereas in previous studies performed with specially selected organisms (5, 13, 18) no mineralization of AT was observed when this compound was present as the only carbon and energy source, the data in Fig. 2 show that strain YAYA6 is able to mineralize AT. Roughly 20% of the AT added is mineralized during the first few days of incubation when primary AT biodegradation is going on. After >99% of the AT in the culture supernatant has disappeared, formation of 14Co2 continues, although at a slower rate. The finding that <0.1% of the "C added was incorporated into cells is explained by the fact that the ring carbon atoms cannot be assimilated because they are at the oxidation level of CO2.
In another experiment ( Fig. 3 and Table 2 ), which was performed under different experimental conditions, about 40% of the AT present as a sole carbon source was mineralized within the first few days. After this, degradation of the metabolites was very slow compared with the initial rate of AT biodegradation, but degradation continued after the time when the AT concentration stopped decreasing. After 45 days of incubation 10% of the AT present at the start of the experiment was detected as s-triazines (Table 2) . Together with the nitrogen detected as ammonia, this accounted for 85% (425 mol%) of the nitrogen contained in AT. The amount of nitrogen incorporated into biomass was estimated to be around 10% (50 mol%). Some ammonia was probably lost by volatilization, as determined by control experiments in which (NH4)2SO4 was incubated in sterile phosphate buffer under the same conditions (data not shown).
AT degradation by strain YAYA6 proceeds via different pathways ( Fig. 3 and Table 2 ). The first steps involve dechlorination with formation of HY or N-dealkylation with forma-tion of DE or DI. In natural environments N-dealkylation with formation of DE is most common (9, 12) , but formation of DI has been observed with specialized strains (5 Of all of the s-triazines tested, only SI was degraded at the same rate as AT (Table 3) . PR, which is chemically closely related to AT, was degraded at a considerably lower rate. The finding that TB is degraded more rapidly in the presence of AT than PR supports the hypothesis that biodegradation starts preferentially at the ethylamino side chain. As Table 3 shows, the presence of AT did not cause distinct acceleration of the biodegradation of DE, HY, and CA. Some of these metabolites must be intermediates of AT biodegradation in the first few days of incubation. Since a substantial part of AT is mineralized during this time, the potential for rapid degradation must exist for at least some of the metabolites. The slow degradation of the s-triazines that occurs in liquid media could be explained by uptake into the cells that is rate limiting.
The nonchloro s-triazines AM and CY were not degraded when they were used as sole carbon sources or were added together with AT but were partially degraded when the mixture containing all of the triazines was used (Table 3) . This is another indication that there is a very specific uptake mechanism and that degradative enzymes having broader specificities are present.
The final concentrations of AT after biodegradation obtained with strain YAYA6 were several orders of magnitude lower than the values obtained in studies performed with other selected organisms (13, 18) . When a mixed microbial community growing on AT as the sole carbon source was used in batch experiments, the final concentrations were around 10 ,ug/liter (15) . The final concentrations obtained when strain YAYA6 degraded AT were considerably lower. It is possible that strain YAYA6 acquired the ability to degrade AT at low concentrations in the course of its isolation, or it may be that this bacterium represented only a small proportion of the organisms in the mixed microbial community.
Giardina et al. (13) and Bheki and Khan (5) reported that AT biodegradation was stimulated by the addition of glucose. Primary degradation of AT by bacteria obtained from a natural environment was also stimulated by the addition of glucose (23) . With strain YAYA6 AT biodegradation was not stimulated by addition of the alternative carbon sources glucose, succinate, and L-alanine (data not shown).
To remediate waste and rinsate from the application of AT, it has been proposed that the water should be treated with ozone and passed through biologically active soil (28) or through a fixed-film bioreactor with bacteria with s-triazines as nitrogen sources (21) . Ozone has also been investigated for its ability to remove trace concentrations of AT in drinking water (1) . With strain YAYA6 or with the mixed microbial community from which it was isolated (15), efficient degradation of AT was obtained without the use of ozone. The broad pH optimum and low final concentrations observed with strain YAYA6 indicate that this strain has optimal characteristics for use in water treatment. Preliminary results have shown that strain YAYA6 also efficiently degrades AT in nonsterile soils (31) .
